We have studied the expression of a subset of genes encoding important tumor growth related factors in U87 glioma cells with IRE1 (inositol requiring enzyme-1) knockdown as well as their hypoxic regulation. It was shown that the expression levels of activating transcription factor 6 (ATF6), clusterin (CLU), adhesion G protein-coupled receptor E5 (ADGRE5), transglutaminase 2, C polypeptide (TGM2), leukemia inhibitory factor (LIF), phosphoserine aminotransferase 1 (PSAT1), glyoxalase I (GLO1) and tetraspanin 13 (TSPAN13) are significantly down-regulated in glioma cells with the knockdown of IRE1 signaling enzyme. It was also shown that in glioma cells subjected to hypoxia, the expression levels of PSAT1, TSPAN13, EIF2AK3, and TGM2 genes were up-regulated, whereas the expression of ATF6 gene was down-regulated. At the same time, the expression levels of LIF, CLU, and ADGRE5 genes did not change in response to hypoxic treatment. Furthermore, inhibition of IRE1, a key effector of an unfolded protein response pathway, modified the effect of hypoxia on the expression of most studied genes. Present study demonstrates that IRE1 knockdown down-regulated the expression of most studied genes and modified their hypoxic regulation and that these changes possibly contributed to the suppression of glioma growth in cells without IRE1 signaling enzyme function.
highly aggressive tumor with extremely poor prognosis and to date there is no efficient treatment available [1] [2] [3] . Its aggressiveness is due to increased invasion, migration, proliferation, angiogenesis, and a decreased apoptosis [4] .
The endoplasmic reticulum stress is an important regulator of glioblastoma multiforme growth [5] [6] [7] [8] . IRE1 signaling is a central and most conservative branch of the unfolded protein response and inhibition of this signaling pathway leads to a suppression of glioma growth through down-regulation of angiogenesis and proliferation processes as a result of metabolic reprogramming of cancer cells [5] [9] [10] [11] [12] . The endoplasmic reticulum stress modifies the expression of numerous regulatory and proliferation related genes, which are responsible for glioma growth [9] [13] [14] [15] [16] . Hypoxia is another important factor to glioma development, which promotes a more aggressive tumor behavior [17] [18]. A better knowledge of tumor responses to hypoxic condition is required to elaborate therapeutically strategies of cell sensibilization, based on the blockade of survival mechanisms [19] [20] . Notably, the effect of hypoxia on the expression levels of a vast number of genes in glioma cells is dependent on IRE1 signaling enzyme function [16] [21] [22] .
Numerous genes have already been correlated with glioblastoma multiforme growth. However, their precise role in the development of this type of cancer, as well as the mechanisms by which IRE1 signaling and hypoxia affect their expression are yet to be clarified. Among them are transglutaminase 2 (TGM2), clusterin (CLU), adhesion G protein-coupled receptor E5 (ADGRE5), leukemia inhibitory factor (LIF), phosphoserine aminotransferase 1 (PSAT1), glyoxalase I (GLO1), and tetraspanin 13 (TSPAN13) as well as eukaryotic translation initiation factor 2 alpha kinase 3 (EIF2AK3) and activating transcription factor 6 (ATF6), which encode important proteins for endoplasmic reticulum stress signaling pathways. A multifunctional protein, TGM2, is overexpressed in several tumors and cancer cell lines and its high expression level correlates with increased level of the long non-coding RNA (LOC107987281) encoded by this gene [23] [24] . Recently, it was shown that the chloride intracellular channel protein 3 (CLIC3) promotes invasive behavior of endothelial cells to drive angiogenesis and increases invasiveness of cancer cells both in vivo and in 3D cell culture models, and this requires active transglutaminase 2 [25] . Moreover, TGM2 was shown to be differentially expressed in U87 glioma cells with IRE1 inhibition as shown by gene expression array [14] .
Clusterin is a multifunctional heterodimeric glycoprotein with several isoforms that can play opposite roles in regard to cell survival and apoptosis. It is overexpressed in various types of tumors and its overexpression is believed to promote cancer progression [26] [27] [28] [29] . ADGRE5 (CD97 antigen) mediates cell-cell interactions, which is involved in angiogenesis and cell migration and is also overexpressed in many cancers [30] . The expression of ADGRE5 gene may play a role in the progression of several types of cancer [31] . Leukemia inhibitory factor is a multifunctional highly glycosylated protein, which downregulates tumor suppressor p53 protein level and function in human colorectal cancer cells promotes the progression and metastasis of tumors [34] . It induces the expression of microRNA-21, which in turn mediates the promoting effect of LIF on epithelial-mesenchymal transition. Furthermore, blocking miR-21 function greatly abolished the promoting effect of LIF on epithelial-mesenchymal transition and the migration ability of cancer cells [34] .
Phosphoserine aminotransferase PSAT1 plays an important role in the L-serine biosynthesis and implicated in colon cancer progression and chemoresistance [35] . Its overexpression stimulates cell growth and increases chemoresistance of colon cancer cells [35] . Recently was shown that PSAT1, which is overexpressed in ER-negative breast cancers, is activated by ATF4 and promotes cell cycle progression via up-regulation of the cyclin D1 [36] . [42] . Furthermore, knockdown of GLO1 in the cancer cells significantly reduced tumor-associated properties such as migration and proliferation, whereas hypoxia caused inhibition of cell growth of all cells except of those over-expressing GLO1 [43] . It is possible that over-expression of GLO1 supports malignant transformation and proliferation of cells in a hypoxic environment. Overall, there is an experimental evidence, that transglutaminase 2 (TGM2), clusterin (CLU), adhesion G protein-coupled receptor E5 (ADGRE5), leukemia inhibitory factor (LIF), phosphoserine aminotransferase 1 (PSAT1) and tetraspanin 13 (TSPAN13) either act as oncogene or elicit a cytoprotective function on tumor cells. However, not much is known about their role in glioblastoma development.
Eukaryotic translation initiation factor 2 alpha kinase 3 (EIF2AK3), which also known as PKR-like ER kinase (PERK), is an elF2alpha kinase that inhibits protein translation and is involved in control of cell proliferation and tumorigenesis, in mitochondrial function and apoptosis [44] [45] [46] . Both activating transcription factor 6 and PKR-like ER kinase (PERK) are also important signaling proteins of endoplasmic reticulum stress pathway [5] . ATF6 activates stress responsible gene expressions and regulates cellular senescence, which is known as an anti-tumor barrier [5] [47] .
The aim of this study was investigation the effect of IRE1 knockdown as well as hypoxia on the expression of EIF2AK3, ATF6, CLU, PSAT1, TGM2, LIF, 
Materials and Methods

Cell Culture
In this study we used two sublines of U87 glioma cells, which are growing in high glucose (4.5 g/l) Dulbecco's modified Eagle's minimum essential medium (DMEM; Gibco, Invitrogen, USA) supplemented with glutamine (2 mM), 10%
fetal bovine serum (Equitech-Bio, Inc., USA), streptomycin (0.1 mg/ml; Gibco) and penicillin (100 units/ml; Gibco) at 37˚C in a 5% CO 2 incubator. in IRE1 signaling, using cells treated by tunicamycin (0.01 mg/ml during 2 hrs). Moreover, the proliferation rate of glioma cells with mutated IRE1 is decreased in 2 fold [30] . Thus, the blockade of both kinase and endoribonuclease activity of signaling enzyme IRE1 has significant effect on proliferation rate of glioma cells.
In experiments with hypoxia culture plates with complete DMEM were exposed in special chamber with 3% oxygen, 92% nitrogen, and 5% carbon dioxide for 16 hrs.
RNA Isolation
Total RNA was extracted from glioma cells using Trisol reagent (Invitrogen, USA) according to manufacturer's protocol. The RNA pellets were washed with 75% ethanol and dissolved in nuclease-free water. For additional purification RNA samples were re-precipitated with 95% ethanol and re-dissolved again in nuclease-free water. RNA concentration and spectral characteristics were measured using NanoDrop Spectrophotometer. (Table 1) , which were received from "Sigma-Aldrich" (St. Louis, MO, USA), were used.
The expression of beta-actin mRNA was used as control of analyzed RNA quantity. The primers were received from "Sigma-Aldrich" (St. Louis, MO, USA). The quality of amplification products was analyzed by melting curves and by electrophoresis using 2% agarose gel. An analysis of quantitative PCR was performed using special computer program "Differential Expression Calculator".
The values of EIF2AK3, ATF6, CLU, PSAT1, TGM2, LIF, TSPAN13, and ADGRE5
mRNA expressions were normalized to the expression of beta-actin mRNA and represented as percent of control 1 (100%).
Western Blot Analysis
The cytosol and nuclear extract fractions from control glioma cells and cells with IRE1 signaling enzyme knockdown were received as described previously [48] .
The levels of PSAT1, ATF6, and LIF proteins were measured in cytosol fraction of U87 glioma cells by Western blot analysis using anti-PSAT1 mouse polyclonal antibody (Abnova), anti-ATF6α mouse monoclonal antibody (Santa Cruz Biotechnology), and anti-LIF rabbit polyclonal antibody (Abcam). Rabbit polyclonalanti-HIF-1α antibody (Novus Biologicals) was used for detection of HIF-1α protein level in nuclear extract by Western blot analysis as described previously [49] . The anti-ACTB (β-actin) and anti-lamin B1 antibody (Santa Cruz Biotechnology) were used for detection of β-actin and lamin B1 protein levels.
Statistical Analysis
All values are expressed as mean ± SEM from triplicate measurements performed in 4 independent experiments. Statistical analysis was performed according to Student's t-test using Excel program as described previously [50] .
Results
We have studied the effect of hypoxia on the expression of genes encoding EIF2AK3, ATF6, PSAT1, CLU, TGM2, ADGRE5, TSPAN13, LIF, and GLO1
proteins in U87 glioma cells in relation to inhibition of IRE1 signaling enzyme, which represents a major signaling pathway of the unfolded protein response.
It was shown that the knockdown of IRE1 significantly down-regulates the expression of all studied genes in gene specific manner except EIF2AK3 gene ( Figure 1 ). For instance, strong down-regulation was shown for TGM2, LIF, GLO1, TSPAN13, and ADGRE5 genes, which expressions have also been associated with tumorigenesis and the progression of various malignancies [24] [30]
[32] [37] .
We have also studied effect of hypoxia on the expression of EIF2AK3, ATF6, PSAT1, TSPAN13, TGM2, CLU, ADGRE5, LIF, and GLO1 genes in control U87 glioma cells and cells with IRE1 knockdown. As shown in Figure 2 (Figure 2(f) ). Next we studied the expression of CLU and ADGRE5 genes in both control and IRE1 knockdown glioma cells. As shown in Figure 2 (g), the expression of CLU gene is resistant to hypoxic condition in control glioma cells, but inhibition of IRE1 signaling leads to significant up-regulation of this gene expression upon hypoxia (+56%). Similar results were received with ADGRE5 gene, which expression was resistant to hypoxia in glioma cells transfected by vector, but inhibition of IRE1 introduced the sensitivity of adhesion G protein-coupled receptor E5 gene to low oxygen condition: treatment of dnIRE1 transfected glioma cells with hypoxia strongly increased the expression level of this mRNA (+120%; Figure 2 (h)). Exposure of both control and IRE1 knockdown U87 glioma cells to hypoxic condition leads to a modest down-regulation of GLO1 gene expression: −14% and −16%, correspondingly (Figure 2(i) ). We have also studied the effect of hypoxia on the levels of PSAT1, ATF6, and LIF proteins in cytosol fraction as well as HIF-1alpha protein in nuclear extract fraction of both control and IRE1 knockdown U87 glioma cells. As shown in Figure 3 (a), the changes in PSAT1, ATF6, and LIF proteins level in cytosol fraction are similar to that of mRNA expressions. Furthermore, hypoxia up-regulates HIF-1alpha protein level in the nuclear extract fraction both control glioma cells and cells with inhibited IRE1 signaling in similar way; however, IRE1 knockdown significantly suppresses the level of this protein (Figure 3(b) ).
Next we aimed to identify the XBP1-responsive motif (XBP1 CCACG-box) in the promoter region of TSPAN13, PSAT1, TGM2, ATF6, LIF, CLU, GLO1, and ADGRE5 genes. As shown in Table 2 , the XBP1 CCACG-box was identified previously by Acosta-Alvear et al. [51] . In the promoter region of both PSAT1 and ATF6 genes we identified two CCACG-boxes, but in TGM2 gene, only one (Table 2) . Promoter of LIF gene also contains single XBP1-responsive motif. At the same time, in the promoter region of three other genes we could not identify CCACG-box, a possible XBP1-responsive motif (Table 2) . Thus, inhibition of the endoplasmic reticulum stress mediated by IRE1 signaling enzyme leads to down-regulation of the expression level of most studied proliferation related genes, including gene encoding transcription factor ATF6, which represent signaling branch of the endoplasmic reticulum stress. Most of these genes are differentially regulated by hypoxia in gene specific and IRE1 dependent manner preferentially independently from nuclear level of HIF-1alpha protein.
Discussion
Results of this investigation clearly demonstrate that inhibition of IRE1, a major signaling enzyme of the endoplasmic reticulum stress, down-regulates of the expression level of proliferation related genes such as PSAT1, CLU, TGM2, ADGRE5, TSPAN13, LIF, GLO1, and ATF6, being more prominent for TGM2, LIF, TSPAN13, ADGRE5, GLO1, and PSAT1 genes. Figure 3 . Effect of hypoxia on the levels of PSAT1, ATF6, and LIF (a) and HIF-1α (b) proteins in the cytosol and nuclear extract fractions, correspondingly, of control (Vector) and IRE1 knockdown (dnIRE1) U87 glioma cells measured by Western blot analysis. The ACTB (β-actin) and lamin B1 proteins were used as control of loaded protein quantity of cytosol and nuclear extract fractions, correspondingly. [52] .
Results of this investigation clearly demonstrated that hypoxia affects different plained by over-expression of GLO1 enzyme, which is implicated in the progression of human malignancies and is up-regulated in tumor tissues with high metabolic rate [40] [41] [43] . In this study, we have shown that inhibition of the IRE1 signaling enzyme leads to strong down-regulation of GLO1 gene expression in U87 glioma cells. Our results agree well with data Hutschenreuther et al. [43] that knockdown of GLO1 in the cancer cells significantly reduced tumor-associated properties such as migration and proliferation, whereas hypoxia 
